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Impact of thermal misfit on shear strength of veneering
ceramic/zirconia composites
Abstract
OBJECTIVES: Thermal misfit is discussed as one reason for chipping of veneered zirconia restorations.
The aim of the investigation was to assess the effect of thermal misfit on the shear strength of
zirconia/veneering ceramic composites. METHODS: Shear strengths of 12 different veneering
ceramic/zirconia composites were measured (n=10). The veneering ceramics were fired onto polished
Y-TZP. In order to create a strong thermal mismatch, one of the veneering ceramics was intended for
use on alumina and one for the metal-ceramic technique. The glass transition temperatures of the
veneering ceramics and the coefficients of thermal expansion of all ceramics were measured (n=6).
Statistical analysis was performed with one-way ANOVA and a post hoc Bonferroni test (p<0.05).
RESULTS: Shear strength ranged from 21.9+/-6.2 to 31.0+/-7.1MPa. The ceramic for the metal-ceramic
technique showed spontaneous debonding. The differences in the coefficients of thermal expansion of
core and veneer (Deltaalpha) were calculated. In addition the differences between glass transition
temperatures of the veneering ceramics and room temperature (DeltaT) as the effective temperature
range for stress formation were calculated. Highest shear strength was observed when DeltaalphaDeltaT
approximately 1000x10(-6). CONCLUSIONS: Thermal expansion and glass transition temperature of
the veneering ceramic have an impact on the shear strength of veneer/zirconia composites.
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Abstract 
Objectives: Thermal misfit is discussed as one reason for chipping of veneered zirconia 
restorations. The aim of the investigation was to assess the effect of thermal misfit on the shear 
strength of zirconia / veneering ceramic composites. 
Methods: Shear strengths of 12 different veneering ceramic / zirconia composites were 
measured (n=10). The veneering ceramics were fired onto polished Y-TZP. In order to create a 
strong thermal mismatch, one of the veneering ceramics was intended for use on alumina and 
one for the metal-ceramic technique. The glass transition temperatures of the veneering 
ceramics and the coefficients of thermal expansion of all ceramics were measured (n=6). 
Statistical analysis was performed with one-way ANOVA and a post-hoc Bonferroni test (p < 
0.05). 
Results: Shear strength ranged from 21.9±6.2MPa to 31.0±7.1MPa. The ceramic for the metal-
ceramic technique showed spontaneous debonding. The differences in the coefficients of 
thermal expansion of core and veneer (Δα) were calculated. In addition the differences between 
glass transition temperatures of the veneering ceramics and room temperature (ΔT) as the 
effective temperature range for stress formation were calculated. Highest shear strength was 
observed when ∆α⋅∆T ≈ 1000⋅10-6. 
Conclusions: Thermal expansion and glass transition temperature of the veneering ceramic have 
an impact on the shear strength of veneer / zirconia composites. 
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1. Introduction 
The long-term success of veneered zirconia (Y-TZP) reconstructions is affected by an increased 
risk of chipping of the veneering ceramic. Complication rates of 13-15% after 2 to 5 years have 
been reported.1-3 Apart from the framework design, the bond strength between framework and 
veneer, which depends on various factors such as the strength of the chemical bonds, the 
mechanical interlocking, and the extent of compressive stress in the veneer due to a thermal 
mismatch between the framework and the veneering ceramic might affect the success of 
zirconia restorations.4-6 Especially the thermal misfit is suggested to be a crucial point 
potentially leading to high failure rates.7 
Ceramics are susceptible to tensile stress. Hence, in metal-ceramics a slight compressive 
stress in the veneer is preferred, thus reinforcing the veneer and thereby increasing the fracture 
strength. In order to generate a compressive stress, the thermal expansion of the veneering 
ceramic must be lower than that of the core material.8 
During the firing procedure the ceramic is in a plastic state. Stress will be relieved by 
plastic flow. During cooling a temperature range is passed, where the ceramic turns from the 
plastic to the solid state. The extrapolated temperature is defined as glass transition temperature 
(Tg). Stress formation in the veneering ceramic is only possible below this temperature, i. e. in 
the solid state. Hence, apart from the difference in the coefficients of thermal expansion the 
temperature range between Tg and room temperature has to be considered as a second element 
leading to stress formation. 
Few investigations have dealt with the thermal compatibility of zirconia and veneering 
materials. Spontaneous debonding occurred with an experimental veneering ceramic with a 
coefficient of thermal expansion of α = 12.5µm/m⋅K, while a commercial ceramic with α = 
9.5µm/m⋅K showed sufficient bond strength.9 In contrast, a veneering layer with α = 5µm/m⋅K 
induced tensile stress in the underlying zirconia.10 
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In a recent study11 the fracture load of veneered zirconia single crowns was influenced 
by the thermal properties of the respective veneering ceramic. The shear strength of single 
crowns showed a slight correlation to the product of the difference between the coefficients of 
thermal expansion of veneering ceramic and zirconia (∆α) and the difference between glass 
transition temperature and room temperature (∆T, in K) ∆α·∆T. Highest shear strengths were 
obtained with ∆α·∆T ≈ 1000⋅10-6. 
Aim of the present study was to evaluate if the correlation between shear strength and 
∆α·∆T of zirconia / veneering ceramic composites may also be found when the influence of the 
geometry of the substructure is excluded. 
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2. Materials and methods 
Shear strength of 12 veneering ceramics (Table 1) to zirconia was analyzed. Ten of these 
ceramics are intended for use on zirconia. One ceramic (Allux) is designed for an alumina 
substrate. Additionally, a veneering ceramic for the metal-ceramic technique (Reflex) was 
included. These two ceramics were used to deliberately create a significant thermal mismatch 
between zirconia and veneering ceramic. In order to measure the shear strength of zirconia / 
veneering ceramic composites, a shear test12 was applied. Cubes of Y-TZP (YZ-cubes, Vita 
Zahnfabrik, Bad Säckingen, Germany) were prepared in the pre-sintered state and densely 
sintered to a final edge length of 10mm (ZYrcomat T, Vita Zahnfabrik). In order to obtain a 
standardized surface, the face intended for bonding was polished with a final grain size of 3µm. 
The cubes were cleaned for 3min in an ultrasonic bath containing 70% ethanol. For each 
combination 10 specimens were veneered. On the polished face of each cube a block of 
veneering ceramic was fired with the final dimensions of 5mm x 10mm x 5mm (Fig. 1). A 
separable steel mold was used to layer the ceramic. Ceramic powder and an appropriate amount 
of the respective liquid were mixed to a slurry and filled into the mold. Excess liquid was 
sucked off with a tissue. Only dentin was layered. Firing was performed in a ceramic oven 
(Austromat D4, Dekema, Freilassing, Germany) according to the recommendations of the 
manufacturers (Table 2). A second layer of dentin was fired under the same conditions to 
compensate the sintering shrinkage. Prior to the second firing, the slurry was condensed into the 
mould using a vibrator for 2s at 50Hz (Elektro Vibrator Porex, Renfert, Hilzingen, Germany). 
The finished specimens were fixed in a special sample holder and placed in a universal testing 
machine (Z010, Zwick, Ulm, Germany). The ceramic block was loaded with a chisel shaped 
piston parallel to the interface at a cross-head speed of 1mm/min (Fig. 1). The bond strength 
was calculated as the mean of all 10 specimens from the load at fracture and the surface area of 
the zirconia / veneer interface. After the shear test, fractured areas were examined by means of 
SEM (CS4, CamScan, Waterbeach, UK). 
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In order to measure the linear coefficient of thermal expansion, 6 prismatic specimens 
with the dimensions of 25mm x 5mm x 5mm were fabricated for each material. For the 
veneering ceramics one dentin firing was performed following the manufacturers instructions as 
described above. The zirconia specimens were cut in the pre-sintered state and densely sintered. 
The measurements were effected with a heating rate of 5K/min up to 650°C (DIL 402C, 
Netzsch, Selb, Germany). The glass transition temperatures (Tg) of the veneering ceramics were 
determined from these measurements by extrapolation as it is common practice in thermal 
analysis. Subsequently the linear coefficient of thermal expansion between 25°C and 500°C was 
determined for each ceramic material. Mean values for Tg and the coefficient of thermal 
expansion were calculated.  
The results of the shear test were statistically analyzed with one-way ANOVA, followed 
by a post-hoc Bonferroni test (SPSS Inc., Chicago, IL, USA; P = 0.05). 
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3. Results 
Shear strength of the specimens ranged from 21.9 ± 6.2MPa for Rondo Zirconia to 
31.0 ± 7.1MPa for Triceram (Table 3). With Reflex spontaneous debonding occurred after 
firing. The bond strength in this case was set to 0.0 ± 0.0MPa. Homogeneous groups are marked 
with the same letter in Table 3. In all specimens except Reflex the fracture started at the 
core/veneer interface and proceeded into the veneering ceramic, as observed under the SEM 
after debonding (Fig. 2). Specimens veneered with Reflex showed delamination at the interface. 
For the veneering ceramics the glass transition temperatures ranged from 486.6°C (IPS 
e.max) to 603.9°C (VM9). Coefficients of thermal expansion between 25°C and 500°C ranged 
from 7.3 ± 0.0µm/m⋅K (Allux) to 12.9 ± 0.3µm/m⋅K (Reflex) (Table 4). The coefficient of 
thermal expansion of zirconia was 10.8 ± 0.1µm/m⋅K. 
The difference of the thermal expansion between the veneering ceramics and zirconia 
(∆α) as well as the difference between the glass transition temperature and 25°C (∆T, in K) 
were calculated. A plot of the values of the bond strength against ∆α·∆T is shown in Figure 3. 
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4. Discussion 
The results of the present investigation suggest a correlation between the thermal properties of 
the veneering ceramic and the shear strength of zirconia / veneering ceramic composites. 
Maximum shear strength was observed at ∆α·∆T ≈ 1000 · 10-6. These results are consistent with 
previous results, obtained with single crowns11. However, in the present study no clear 
correlation between shear strength and coefficient of thermal compatibility could be found, 
indicating that further parameters affecting the shear strength need to be considered. These 
include the properties of the veneering ceramic itself, such as shear strength, modulus of 
elasticity and Poisson’s ratio. The spontaneous debonding of the veneering ceramic for the 
metal-ceramic technique in the present study, is in accordance with findings of other 
investigators and can be attributed to the strong thermal mismatch9. 
The shear strength of those veneering ceramics intended for use on zirconia ranged from 
21.9MPa to 31.0MPa. In the literature only one value for the shear strength, measured with the 
same test design has been reported. In that investigation12 shear strength of an experimental 
ceramic on Y-TZP amounted to 36.2 MPa, which is higher than the results of the present study. 
The sample size for the Y-TZP cubes in that investigation was 5.8mm. In the present 
investigation the cubes had a dimension of 10mm. The difference in shear strength may be 
explained by the theory of Weibull.13 Strength values of larger specimens are lower than those 
of smaller specimens because larger specimens exhibit a higher probability for surface defects 
and, therefore, a higher risk of early failure. The specimen size used in the present study 
strongly differs from a clinically used framework design. The purpose of the study was to assess 
the bond strength of veneering ceramics on zirconia, disregarding the influence of tensile or 
compressive stresses due to the framework design. These large specimens certainly have a 
different thermal history than the previously investigated single crowns11. Nevertheless, in both 
investigations it turned out that ∆α·∆T should be in the range of ≈ 1000⋅10-6 to obtained highest 
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shear strength, which may be taken as an evidence, that the sample size has not such a strong 
influence on the shear test results. 
Throughout all specimens a residual layer of ceramic was observed on the zirconia 
surface after the shear test. This indicates that the bond strength is higher than the cohesive 
strength of the ceramic. These findings are consistent with observations previously reported in 
the literature.14 The effect might be interpreted as an evidence for stress concentration near to 
the interface caused by a thermal mismatch, preventing crack propagation directly at the 
interface. Finite element analyses are scheduled to test this hypothesis. 
Since the bond strength is higher than the cohesive strength of the veneering ceramic, it 
can be concluded that the veneering ceramic is the weakest link. In order to better profit from 
the high strength of zirconia frameworks, the strength of the veneering ceramics has to be 
improved. 
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5. Conclusions 
The results suggest that a veneering ceramic for Y-TZP should have a value of 
∆α·∆T ≈ 1000⋅10-6 in order to provide highest shear strength of zirconia / veneering ceramic 
composites. 
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Captions to Figures 
 
Fig. 1 Schematic illustration of specimen size and test design. 
Fig. 2 Scanning electron microscopy of a VM9 specimen after the shear test. The intersection 
between residual veneering ceramic and polished zirconia surface is visible in the lower part of 
the figure. 
Fig. 3 Shear strength plotted against the coefficient of thermal compatibility. 
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Tables 
Table 1 Veneering ceramics used in the investigation. 
 
 
Veneering 
ceramic Manufacturer 
Allux Wieland, Pforzheim, Germany 
Cerabien ZR Noritake, Nagoya, Japan 
Creation ZI Metalordental, Oensingen, Switzerland 
Reflex Wieland, Pforzheim, Germany 
IPS e.max Ivoclar-Vivadent, Schaan, Liechtenstein 
Initial ZR GC, Tokyo, Japan 
Lava Ceram 3M Espe, Seefeld, Germany 
Rondo Zirconia Nobel Biocare, Gothenborg, Sweden 
Triceram Dentaurum, Ispringen, Germany 
Vintage ZR Shofu, Kyoto, Japan 
Vita VM9 Vita, Bad Säckingen, Germany 
Zirox Wieland, Pforzheim, Germany 
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Table 2 Firing schedules of the veneering ceramics. 
 
 
Pre Drying 
Veneering Ceramic Temperature 
(°C) 
Time 
(min) 
Heating 
Rate 
(°C/min) 
Firing 
Temperature 
(°C) 
Holding 
Time 
(min) 
Allux 575 3 55 900 2 
CerabienZR 600 5 45 930 1 
Creation ZI 450 6 45 810 1 
Reflex 575 7 75 900 2 
IPS e.max 400 4 50 750 1 
Initial ZR 400 6 45 780 1 
LavaCeram 450 6 45 800 1 
Rondo Zirconia 575 5 45 925 1 
Triceram 500 6 55 760 2 
Vintage ZR 650 6 45 920 1 
VM9 500 6 55 910 1 
Zirox 575 3 45 900 2 
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Table 3 Shear strength of the veneering ceramics (SD = standard deviation). Homogeneous 
groups are marked with the same letter. 
 
 
Ceramic Shear strength (MPa)mean (SD) 
Reflex   0.0 (0.0) a 
Rondo Zirconia 21.9 (6.2)   b 
Zirox 22.6 (4.3)   b 
IPS e.max 23.5 (3.4)   b,c 
Vintage ZR 23.7 (5.3)   b,c 
Lava Ceram 24.2 (5.6)   b,c 
Creation ZI 24.4 (5.3)   b,c 
Initial ZR 25.3 (4.8)   b,c 
Cerabien ZR 27.6 (3.9)   b,c 
Allux 27.7 (4.0)   b,c 
Vita VM9 30.8 (4.8)      c 
Triceram 31.0 (7.1)      c 
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Table 4 Glass transition temperature (Tg) of the veneering materials and coefficients of thermal 
expansion (α) for the veneering ceramics and zirconia between 25°C and 500°C (SD = standard 
deviation). 
 
 
Material Tg (°C) mean (SD) 
α 
(µm/m⋅K) 
mean (SD) 
∆α·∆T (·10-6) 
mean (SD) 
Allux 576.8 (3.0) 7.8 (0.2) 1655.4 (  56.2) 
Cerabien ZR 559.1 (8.1) 9.9 (0.3) 480.7 (169.0) 
Creation ZR 546.9 (2.8) 10.0 (0.1) 417.5 (  73.8) 
IPS e.max 486.6 (4.1) 10.4 (0.1) 184.6 (103.3) 
Intial ZR 551.3 (1.9) 9.7 (0.3) 578.9 (166.4) 
Lava Ceram 548.2 (2.3) 9.9 (0.1) 470.9 (117.0) 
Reflex 527.0 (2.2) 12.9 (0.3) -1054.2 (158.8) 
Rondo Zirconia 572.3 (2.5) 9.7 (0.1) 602.0 (173.1) 
Triceram 557.7 (1.9) 8.7 (0.3) 1118.7 (271.7) 
Vintage ZR 602.7 (1.5) 9.7 (0.1) 635.5 (  81.7) 
VM9 603.9 (3.3) 9.3 (0.1) 868.4 (238.7) 
Zirox 576.0 (2.2) 9.8 (0.1) 551.0 (123.2) 
Y-TZP  10.8 (0.1)  
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic illustration of specimen size and test design. 
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Fig. 2 Scanning electron microscopy of a VM9 specimen after the shear test. The intersection 
between residual veneering ceramic and polished zirconia surface is visible in the lower part of 
the figure. 
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Fig. 3 Shear strength plotted against ∆α·∆T. 
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